A Fourier or pseudospectral forward-modeling algorithm for solving the two-dimensional acoustic wave equation is presented. The method utilizes a spatial numerical grid to calculate spatial derivatives by the fast Fourier transform. time derivatives which appear in the wave equation are calculated by second-order differcncing. The scheme requires fewer grid points than finite-diffcrcnce methods to achieve the same accuracy. It is therefore believed that the Fourier method will prove more efficient than finitedifference methods. especially when dealing with threedimensional models.
INTRODUCTION
Forward modeling by construction of synthetic data can be very useful in the interpretation of seismic time sections. In this kind of work. synthetic data are compared to held results to determine how the assumed geologic model of the subsurface needs to be modified to obtain better agreement between calculations and observations. two important techniques which have been used for forward modeling are the finite-difference method and the finite-element method. Both methods can account for complex geologic structures and can handle the elastic wave equation. Their main drawback has been a practical limitation on high-frequency resolution. The rule of thumb often used in this context has been that ten grid points (elements) are required to resolve a given wavelength (Alford et al. 1974 ). For typical wave velocities and frequency bands encountered in exploration seismology. this rule can imply grid-point spacings on the order of 3-4 m. It is therefore apparent that realistic geologic problems require a very large number of grid points, especially in three dimensions (3-D) thus entailing prohibitive amounts of computer time This study examines forward modeling in two dimensions (2-D) by the Fourier method or. as it is often called, the pscudospectral method (Kreiss and Oliper. 1972; Fomberg. 1975 Fomberg. . 1977 Orzag. 1980; Gazdag. 198 I) . This method differs from the finite-difference technique in that it uses the fast Fourier transform (FFT) for calculating spatial derivatives instead of finite differences. The resulting derivative operators are highly accurate. and our results as well as those of others (Fornbcrg. 1975 : Gazdag, 1981 indicate that only two grid points are required to resolve a spatial wavelength. Thus. compared to finite differences or finite elements, the Fourier method requires a factor of 25 fewer grid points in 2-D and 125 fewer in 3-D for achieving the same accuracy. For this reason we believe the Fourier method can considerably improve forward modeling and. at least in 2-D. enable one to model in the full frequency band used in exploration geophysics.
In the following sections we describe the algorithm which was constructed for solving the 2-D acoustic wave equation and present two examples which shed li_ght on some features of the Fourier method and its possible application.
THE SOLUTION ALGORITHM FOR THE ACOUSTIC WAVE EQUATION
When both density and seismic wave velocity arc spatially variable, the acoustic wave equation reads where P(.Y, T. t) rcprescnts the pressure, p(x-. y) the density. C(X, x) the wave velocity, and s(.Y, y, t) the source term which equals the divergence of the body force divided by the density. In equation ( Details of the derivation of the formula on which the plot is based are given in the Appendix. The plot shows that at the stability limit when (Y = cAt/hx = 2/71, the numerical dispersion is large. However, for time steps for which CY < 0.2, the dispersion will become small.
When density or vciocity are hpatiaily vartabk. the frequency band of the solution of the w' avc equation may no longer bc equal to the frequency band of the source. This is because a multiplication by density or velocity in the spatial domain corresponds to a convolution in the spatial-frequency domain. therefore not all errors in this situation can be attributed to numerical dispersion. In spite of this, our cxperiencc indicates that by using time steps for which cx < 0.2 at all grid points, and limiting the frequency content of the source to the band resolvable by the grid, one obtains crisp and clear events on ~hc time sections. To be more cautious. the first test case which we present compares numerical results to analytic results for a sin+ plane interface problem. and agreement proves close indeed. 
INPUT DATA FOR FORWARD MODELING
In a forward model, the geologic structure and the seismic source are assumed known. and the calculations yield the pressure as a function of time and space. In the Fourier modeling method. the geologic structure is specified through the density and seismic wave velocity (or bulk modulus) at the grid points. The method allows for both continuous and discontinuous variation of the material parameters.
The source term in equation (2) is usually applied at a single point at the top of the grid to imitate a seismic shot. The time dependence of the source must be carefully chosen in order to limit its frequency band to the range which can be resolved by the spatial grid. If this is not done, erroneous long-period components can enter the solution through aliasing, in a manner which cannot be easily remedied by postfiltering. The formula WC adopted for the maximum source frequency is derived on the basis that in a plant harmonic wave the wavelength A is related to the velocity c and frequency S by A = c/f. The criterion which we used for the frequency content of the source wa' r therefore given by where c ,,,ln is the lowest acoustic velocity in the region modeled. and AX and A_v are the grid spacings in the s-and y-directions, respectively. The denominator of equation (3) is equal to the Nyquist spatial wavelength in the I-or \,-directions, whichever is larger. A similar formula was derived from a different consideration for the first-order, one-way equation by Fornberg (1975) .
In constructing the grid for forward modeling. one must choose a large enough grid to ensure that important events arrive before "wrap-around" events from grit1 boundaries. The considerations here arc similar to those encountcrcd in constructing hnite-element or finite-difference grids. Wrap-around from the lower boundary can be eliminated by specifyin, ~1 a condition of zero pressure at the earth' s surface, This. however has the penalty of creating ghost events on the records, since the source must bc placed below the first row of grid points.
Specification of the grid, the material parameters, and the source term completes the input data l' or the forward model. The calculations yield pressure time histories of all the grid points. which can be analyzed later by various graphic displays.
Example: A plane interface
The first example compares numerical and analytical solutions for a problem of a point source above a plane interface between two half-spaces with contrasting material properties. The model configuration is shown in Figure 3 . Since the numerical mesh covers only a finite region. the lower half-space was approximated by a thick layer (shaded region in Figure 3 
CONCLUSIONS
A forward modeling scheme has been presented, based on a Fourier method. The scheme enables the building of models of realistic geologic structures in 2-D and calculating synthetic seismograms in the frequency band often used in exploration seismology. As with finite differences and finite elements. the capability of the scheme to produce plots of amplitude in space at speciiied time (snapshots) enables easy interpretation of complex events on time sections.
The Fourier method is more complicated than finite differences in that computations are not performed locally around each element of the grid, but rather along complete lines in the coordinate directions. On the other hand, the Fourier method requires fewer grid points than the finite-difference method to achieve the same resolution. We believe the savings in computation time because of the reduction in the number of grid points outweights the added number of calculations arising from the complexity of the Fourier method. This advantage should become more apparent in 3-D where the Fourier method requires a factor of 125 fewer grid points than the finite-difference method to achieve equivalent accuracy.
